We present near-infrared speckle interferometry of the OH/IR star OH 104.9+2.4 in the K band obtained with the 6 m telescope of the Special Astrophysical Observatory (SAO). At a wavelength of λ = 2.12 µm the diffraction-limited resolution of 74 mas was attained. The reconstructed visibility reveals a spherically symmetric, circumstellar dust shell (CDS) surrounding the central star. The visibility function shows that the stellar contribution to the total flux at λ = 2.12 µm is less than ∼ 50%, indicating a rather large optical depth of the CDS. The azimuthally averaged 1-dimensional Gaussian visibility fit yields a diameter of 47 ± 3 mas (FHWM), which corresponds to 112 ± 13 AU for an adopted distance of D = 2.38 ± 0.24 kpc. To determine the structure and the properties of the CDS of OH 104.9+2.4, radiative transfer calculations using the code DUSTY were performed to simultaneously model its visibility and the spectral energy distribution (SED). We found that both the ISO spectrum and the visibility of OH 104.9+2.4 can be well reproduced by a radiative transfer model with an effective temperature T eff = 2500 ± 500 K of the central source, a dust temperature T in = 1000 ± 200 K at the inner shell boundary R in 9.1 R = 25.4 AU, an optical depth τ 2.2µm = 6.5 ± 0.3, and dust grain radii ranging from a min = 0.005 ± 0.003 µm to a max = 0.2 ± 0.02 µm with a power law n(a) ∝ a −3.5 . It was found that even minor changes in a max have a major impact on both the slope and the curvature of the visibility function, while the SED shows only minor changes. Our detailed analysis demonstrates the potential of dust shell modeling constrained by both the SED and visibilities.
INTRODUCTION
OH 104.9+2.4 is an OH/IR type II-A class star. These objects exhibit the maximum of their SED in the infrared (IR) around 6-10 µm, while the 9.7 µm silicate feature is found to be in absorption. In addition, they show strong OH maser line emission at 1612 MHz/18 cm 1 and weaker emission in SiO (43.1 GHz and 86.2 GHz), in H 2 O (22.2 GHz), and in the other hyperfine OH lines of the same transition (1665/1667 MHz, 1720 MHz).
2
OH/IR stars are long-period variables (pulsation periods between 500 and 3000 d) of variability type Me, similar to long-period Mira stars. While the majority of OH/IR stars show a bolometric amplitude of typically ∼ 1 m a very small fraction varies irregularly with a low amplitude or does not show any detectable variability. OH/IR stars are mostly low and intermediate mass (progenitor masses M ≤ 9 M ), oxygen-rich single stars evolving along the upper part of the asymptotic giant branch (AGB). OH/IR stars extend the sequence of optical Mira variables towards longer periods, larger optical depths and higher mass-loss rates. 3, 4 As a consequence of their high mass loss, OH/IR stars are surrounded by massive, optically and geometrically thick circumstellar envelopes composed of gas and dust. The strong maser emission reveals non-rotating CDS, 2 which, in some cases, totally obscures the underlying star.
Observations as well as theoretical models of the structure, dynamics, and evolution of the atmosphere and CDS of AGB stars have led to a detailed picture of these objects. OH/IR stars can be characterized by the following parameters 1 : a variation of the bolometric flux ∆m bol > 0.7 mag, luminosities L > 3 · 10 3 L , effective temperatures T eff < 3000 K, temperatures at the inner boundary of the CDS T in 1000 K, optical depths τ 9 7 From maser phase lag measurements, an outer radius of the dust shell of R S = (4.37 ± 0.42) · 10 16 cm was determined, while the absolute distance was found to be D = 2.38 ± 0.24 kpc.
2 Finally, a mass-loss rate ofṀ = 5.58 · 10 5 M /yr was derived. 
SPECKLE INTERFEROMETRY OBSERVATIONS AND DATA REDUCTION
The K -band speckle interferograms of OH 104.9+2.4 were obtained with the Russian 6 m telescope of the Special Astrophysical Observatory (SAO) on September 22, 2002. The data were recorded with our HAWAII speckle camera through interference filters with a center wavelength of 2.12 µm and a bandwidth of 0.21 µm (K band). Additional speckle interferograms were taken for three unresolved reference stars (GJ 105.5, G 77-31, and HD 22686). With a pixel size of 27 mas and a seeing of 1.9 arcsec (1.5 · FWHM of centered long exposure), 444+727 object frames and 690+792 frames of the reference stars were taken, each with an exposure time of 268 ms. These interferograms were used to compensate for the speckle interferometry transfer function. The visibility function of OH 104.9+2.4 was derived from the speckle interferograms using the speckle interferometry method.
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The azimuthally averaged visibility decreases steadily to values below ∼ 0.50 at the diffraction cut-off frequency (13.5 cycles/arcsec). (see Fig. 1 ) Thus, the CDS is almost fully resolved, and the contribution of the unresolved component to the monochromatic flux at λ = 2.12 µm is less than ∼ 50 %, indicating a rather large optical depth at this wavelength. In order to give a first, rough estimate for the apparent diameter of the dust shell, the azimuthally averaged visibility was fitted with a Gaussian and a uniform disk (UD) center-to-limb variation. We obtain a Gaussian fit FWHM diameter of 47 ± 3 mas, which corresponds to a diameter of 112 ± 13 AU for an adopted distance of D = 2.38 ± 0.24 kpc.
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The UD diameter is found to be 73 ± 5 mas, corresponding to 173 ± 22 AU. The quality of the visibility fits with both the Gaussian model and the UD are rather poor, as the shape of the observed visibility strongly deviates from that of a Gaussian or UD visibility. At the given accuracy of the visibility measurement, no overall deviation from spherical symmetry was detected, which is consistent with the analysis of OH maser maps.
10 Therefore, the further discussion and the modeling itself is restricted to the azimuthally averaged 1-dimensional visibility, and the usage of 1-dimensional radiative transfer codes is appropriate for our subsequent analysis.
SPECTRAL ENERGY DISTRIBUTION
Several photometric and spectroscopic data in the IR for OH 104.9+2.4 have been obtained. 5, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] OH 104.9+2.4 was observed by IRAS (Infrared Astronomical Satellite) in 1983 and by ISO (Infrared Space Observatory) in 1996. The SED of OH 104.9+2.4 which is shown in Fig. 3 , reveals strong long-term SED variations. The ISO data were most likely taken at minimum pulsation phase, as all other data points lie above the ISO spectrum. Therefore, we adopt Φ ISO 0.5. From the ISO data, a near-minimum bolometric flux of F ISO bol = 6.99 · 10 −11 W/m 2 can be derived. In order to find the bolometric flux at the phase of the SAO observations, a bolometric flux at maximum phase has to be determined first. To obtain this bolometric flux, we defined a maximum envelope representing the maximum-luminosity SED as depicted by the black line in Fig. 3 , which takes into account the wavelength dependence of the pulsation amplitude, and obtain F max bol = 2.30 · 10 −10 W/m 2 . Using applicable K-band data 5, 20, 25, 26 and a simple cosine-like pulsation model, which is not physically accurate, but a suitable choice regarding the low quantity of data, we derived a pulsation period of P = 1500 ± 11 d, applying a 4-parameter least-squares fit (f (x) = a · cos(2πx/P − b) + c), as shown in −10 W/m 2 can be assumed, corresponding to a factor of ∼ 3.3 relative to the flux at Φ ISO . This difference in F bol has to be taken into account in the modeling process. Since OH 104.9+2.4 is highly reddened by the interstellar medium (ISM) and its CDS, interstellar reddening was taken into account by adopting the method described in Ref. 27 with 
DUST SHELL MODELS

The radiative transfer code
The radiative transfer calculations were performed using the publicly available code DUSTY. 29 The main assumptions involved are (for single-shell models): (i) constant spherical symmetry with ρ(r) ∝ r −n , (ii) a constant dust-to-gas ratio, (iii) a constant dust opacity and size distribution, (iv) radiative equilibrium, (v) the same temperature T d (a, r) = T d (r) for all dust grains, and (vi) isotropic scattering. With these assumptions, the only relevant property of the input radiation is its spectral shape f λ = F λ /F . The overall optical depth of the dust envelope at some reference wavelength τ λ fixes the solution, allowing only for normalized density distributions ρ d describing the spatial variation of the dust, and the wavelength dependence of the optical properties of the dust grains.
The DUSTY formulation of the radiative transfer problem for a dusty envelope is very suitable for modeling of IR observations, since it minimizes the number of independent model input parameters. The only parameters that have to be specified are (i) the spectral shape of the central source of radiation f λ (i.e. the variation of the monochromatic flux with wavelength), (ii) the absorption/emission and scattering efficiencies of the grains (i.e. the chemical composition and the grain-size distribution), (iii) the normalized density distribution of the dust ρ(r)/ρ in , (iv) the relative thickness of the dust shell (i.e. the ratio of outer to inner dust shell radius, r out /r in ), (v) the dust temperature T in at the inner boundary r in , and (vi) the overall optical depth at a reference wavelength τ λ . For a given set of input parameters, DUSTY iteratively determines the radiation field and the dust temperature distribution by solving the equation of radiative transfer.
The best-fitting model
For the analysis of OH 104.9+2.4 based on the radiative transfer modeling, ∼ 10 6 models were calculated. To simultaneously fit the SED and visibility data (i.e. with identical model parameters), F bol had to be adjusted for the epoch of the visibility measurements, since the ISO spectrum and our visibility data were taken at different pulsation phases of OH 104.9+2.4 (see Fig. 3 ). Therefore, the best-fitting model (Figs. 2 and 3 
SED fit
The final model that fits the ISO SED data of OH 104.9+2.4 best is presented in Fig. 2 (left panel) . The blackbody (BB) effective temperature of the central source of radiation is T eff = 2500 K. In addition, T in = 1000 K, ρ(r)/ρ in ∝ r −2.0 and r out /r in = 10 5 . Assuming the overall influence of the dust formation zone on the SED is rather small, a standard n(a) ∝ a −3.5 grain-size distribution (GSD) function 31 (hereafter MRN) was taken, with a ranging between a min = 0.005 µm and a max = 0.2 µm. A dust composition with 95 % of the optical constants for warm silicates from Ref.
32 (hereafter OHM) and 5 % astronomical silicates from Ref. 33 (hereafter DL) was found to give the best results. The OHM warm, oxygen-deficient silicates are based on observational determinations of the opacities of circumstellar silicates as well as laboratory data and also take into account the effects of inclusions (amorphous and crystalline substructures as well as other materials) on the complex refractive index, especially at λ = 8 µm. The reference optical depth in our best-fitting model is τ 2.2 µm = 6.5, corresponding to τ 9.7 µm = 14.0 for this model at the prominent silicate absorption feature. The observational value of F bol = 6.99 · 10 −11 W/m 2 from the ISO data can be reproduced well by our model. ¿From the shortest wavelength at λ = 2.38 µm up to λ = 196 µm, the model provides a good fit to the observations. The location, shape, and strength of the silicate feature at λ = 9.7 µm caused by SiO stretching vibrations is fairly well reproduced by the given composition. In the λ 18 µm region, where SiO 2 bending vibrations dominate the spectrum, there is a noticeable deviation from the observational data. Beyond λ 100 µm, the model falls off too steeply to fit the data. On the one hand, this may be caused by deteriorating data quality towards the long wavelengths. On the other hand, the discrepancy at longer wavelengths may be due to the fact that DUSTY uses a GSD as input but internally averages dust properties over the entire size distribution. .4 for our best-fitting model. As described in the text, the bolometric flux used for the SED is a factor of 3.3 lower than the one used for the SED, in order to take into account the different epochs of the ISO and SAO observations.
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Visibility fit
¿From Fig. 3 it is obvious that the ISO SED and the SAO visibility data were taken at different pulsation phases. While the ISO observations were made at near-minimum phase, the SAO data were taken at near-maximum phase. Therefore, it is quite natural that the two constraints cannot be fulfilled by one model alone with the same F bol . A factor of ∼ 3.3 in terms of the flux at ISO phase has to be introduced to the visibility model if it is to be comparable to the SED model, as outlined above. If we combine the best-fitting SED model with F bol = 6.99 · 10 −11 W/m 2 from the previous subsection with a corresponding visibility model with F bol = 2.30 · 10 −10 W/m 2 , we obtain a very good simultaneous model for the SED and the visibility of OH 104.9+2.4, as shown in Fig. 2 . However, it has to be stated that the physical conclusions that can be made based on this simultaneity itself are limited, because of the simplifications involved in the phase alignment and the pulsation model itself (only flux scaling, no consideration of the changes in T eff and R at this point). Therefore, all futher derived quantities are given for the phase of the ISO measurements unless stated otherwise explicitly.
Further model results
The top left panel of Fig. 3 shows the fractional flux contributions of the emerging stellar radiation, the scattered radiation, and thermal dust emission as a function of wavelength, for our best-fitting model. At 2.2 µm, the flux is dominated by thermal dust emission (45 %) and scattering (35 %). Direct stellar light (attenuated flux) contributes only 20 % at this wavelength. Thus, scattering contributes nearly to the same extent to the radiation of the CDS in the K band as thermal dust emission. At shorter wavelengths scattering dominates, while dust emission is the major flux contribution at wavelengths longer than 3 µm. The attenuated flux from the central source plays a minor role at all wavelengths under consideration (0.01 µm -0.03 m) due to nearly total obscuration.
The top right panel of Fig. 3 shows the normalized intensity distribution at 2.13 µm as a function of angular distance. The barely resolved central peak corresponds to the central star. At the given optical depth of τ 2.2 µm = 6.5, there is no evidence for limb-brightening effects at the inner boundary, due to the extreme optical thickness of the CDS.
The bottom left panel of Fig. 3 shows a plot of the dust temperature as a function of angular distance and in units of the inner radius of the dust shell, respectively. The inner CDS radius r in can be derived directly from the radial profile, as it is the point at which the dust reaches T in = 1000 K. It corresponds to an angular radius of ϑ in = 10.5 mas. The bottom right panel of Fig. 3 shows the total optical depth as a function of wavelength. As expected, local maxima of τ λ are found for the silicate absorption features at 9.7 µm (SiO stretching vibrations) and 18 µm (SiO 2 bending vibrations). This illustrates the proper choice of the optical constants in our best-fitting model, although the shape of the 18 µm feature is not very well reproduced by the SED fit.
The stellar radius obtained for the best-fitting model is ϑ = 1.16 mas. This corresponds to R 600 R or 2.79 AU for the adopted distance of D = 2.38 ± 0.24 kpc. Therefore, the inner radius of the CDS is R in = 9.1 R = 25.4 AU, and the outer radius of the CDS as defined above is at R 
SUMMARY AND CONCLUSIONS
We present diffraction-limited 2.12 µm speckle interferometric observations of the circumstellar dust shell around the highly obscured type II-A OH/IR star OH 104.9+2.4. The resolution achieved with the SAO 6 m telescope is 74 mas, which is sufficient to fully resolve the CDS at this wavelength. From an azimuthally averaged 1-dimensional Gaussian fit of the visibility function, the diameter was determined to be 47 ± 3 mas (FWHM), which
